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A B S T R A C T   
The links between groundwater and welfare are highly contested, unclear and confounded by political, envi-
ronmental and economic factors. The lack of understanding of these links has wider implication on policies and 
strategies aimed at accelerating the sustainable development goals of safely-managed drinking water services 
and eradicating poverty. This study provides empirical evidence of the existing links between groundwater and 
poverty using welfare metrics versus productive uses of water, groundwater table depth, drinking water services 
and groundwater dependency with data obtained from a household socio-economic survey (n ¼ 3349), a water 
audit of water infrastructure (n ¼ 570) and volumetric usage from water data transmitters (n ¼ 300). Results 
show that the bottom welfare households are characterized by greater dependency on shallow groundwater, less 
acceptable drinking water services by taste, reliability, affordability or accessibility but not quantity. Productive 
use of groundwater for livestock accrues to the middle welfare quintiles with the bottom and top welfare 
quintiles by choice or exclusion having little engagement. Groundwater productive uses, services and charac-
teristics explain at least 17% of the variation in a households’ welfare with productive uses particularly 
benefiting female headed households. These findings suggest that ancillary investments to improve affordability 
and reliability of rural water services will be needed to enhance welfare of the poor who depend on groundwater 
systems. Further, such knowledge of the relationships between water and welfare can support the formulation of 
policies and strategies aimed at poverty reduction, inclusive growth and access to safe water for all.   
1. Introduction 
Groundwater plays an important role in human welfare, particularly 
for vulnerable and marginalized populations in rural Africa and Asia 
(Moench, 2002; Mukherji, 2005; Calow et al., 2010). However, the 
relationship between groundwater and human welfare lacks conceptual 
clarity due to identification and measurement problems. Identification 
issues concern how people use different water resources (surface water, 
rainwater or vended water) at different times for domestic (bathing, 
cooking, drinking, laundry or washing) and productive (livestock, 
agriculture, enterprise) purposes. Measurement issues revolve around 
availability of acceptable data on the timing, type and volume of water 
usage and the associated linkages to welfare. Welfare may be a broader 
conceptualization of the well-being, capabilities and functioning of in-
dividuals, households or communities which go beyond income or 
expenditure analysis, providing one aspect of multi-dimensional poverty 
(Sen, 1976; Dasgupta, 2001; Alkire and Foster, 2011; Ravallion, 2011). 
While a large number of rural Africans depend on groundwater sources 
from millions of handpumps (RWSN, 2009b; Macarthur, 2015), the 
dynamics between groundwater resource availability and quality, reli-
ability and affordability of the water services, management of the 
infrastructure and varying uses of water confound the potential of 
groundwater (water services) for livelihood improvement (Foster, 2013; 
Bartram et al., 2014; Fisher et al., 2015; Thomas, 2017). Understanding 
groundwater and welfare is thus of increasing importance for progress 
towards the Sustainable Development Goals targets, including poverty, 
gender inequality, water, climate, hunger, health, work and growth, and 
sustainable cities and communities. With the unsatisfactory progress 
from the Millennium Development Goals era, Africa remains a region of 
concern and priority as it lags behind the rest of the world. 
While groundwater resources in Africa are estimated to be two orders 
of magnitude greater in terms of storage compared to annual, renewable 
surface water resources (MacDonald et al., 2012; Taylor et al., 2012; 
Lapworth et al., 2017), the high-yielding aquifers (>20 l/s) often do not 
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coincide with human demand. Shallow and limited aquifer systems 
(<80 m; < 5 l/s) are the primary resource for some 200 million rural 
Africans who tend to be poor (Macdonald et al., 2009; Foster and 
Gardu~no, 2013; Baguma et al., 2017). Despite examples of geogenic 
contamination from arsenic, fluoride and iron in particular environ-
ments (Smedley and Kinniburgh, 2013; Edmunds et al., 2015), 
groundwater quality is generally considered of good quality (Giordano, 
2009), particularly in relation to organic contamination in shallow wells 
or surface exposed to human or animal pollution (Hunter et al., 2010; 
Prüss-Ustün et al., 2014). While this provides an opportunity to unlock 
the potential of groundwater for the poor, the widespread gaps in sci-
entific understanding on the extent, nature and variability in ground-
water (Fan et al., 2013) and the systematic data deficit reflects the 
uncertainty in understanding groundwater and welfare interactions and 
impacts. 
The broad assumptions that access to groundwater may improve 
health, reduce collection time for women and girls, promote small-scale 
agriculture, such as food gardens or livestock, or other micro-enterprises 
(Haller et al., 2007; Hunter et al., 2010; Namara et al., 2010; Prüs-
s-Ustün et al., 2014) may not align well with the evidence on the 
functionality, availability or allocation of handpumps in rural African 
communities. Furthermore, there exists a scarcity of high quality studies 
that have examined how domestic and productive uses of groundwater 
shape welfare for growth and development in Africa (Baguma et al., 
2017). This paper aims to contribute to advancing the conceptual un-
derstanding of groundwater and welfare in three dimensions. First, a 
conceptual framework identifies the salient components and in-
teractions between water resources, including groundwater, and their 
association with domestic and productive water uses, which in turn 
influences different welfare outcomes and impacts. Second, we test this 
framework in coastal Kenya drawing upon interdisciplinary data from 
over 3349 households and measured handpump usage using ‘smart 
handpump’ technology (Thomson, Hope and Foster, 2012a). Third, we 
map and model these relationships to estimate the share of household 
welfare associated with groundwater and its spatial distribution in a 
study area of some 2000 km2. The following section introduces the 
conceptual framework followed by the methodology and study site. 
Section four presents the results followed by a discussion of the three 
major findings followed by a conclusion. 
2. Groundwater and welfare 
In this section, we outline a conceptual framework of groundwater 
and welfare. The framework has four dimensions in a schematic of the 
dynamic and multiple feedback loops between: (1) water resources, (2) 
drinking water systems, (3) productive water systems, and (4) welfare 
status. The framing is devised in the context of the systems which are 
found in large parts of rural Africa and Asia (Fig. 1). 
The water resources’ dimension recognizes the major flows or stocks 
available to people in terms of rainwater, surface water (rivers, streams, 
springs), soil moisture and groundwater. The partitioning of these re-
sources over space and time will naturally vary and be influenced by 
hydro-climatic variability and shocks, legal and policy frameworks, the 
political economy of allocation, and regulation and enforcement sys-
tems. Hydro-climatic variability across Africa is illustrated by the East 
African Paradox where modelling projections of rainfall patterns are not 
consistent with observed data, particularly in the long rains season 
(March, April, May), which has implications for the vulnerability and 
exposure of millions of people and their livelihood systems in the future. 
Equally, the disproportionate influence of El Ni~no events on ground-
water recharge in the short rains season (October, November, 
December) illustrate the spatial and temporal importance of extremes to 
guide policy and planning on groundwater management (Taylor et al., 
2012, 2013; Rowell et al., 2015; Lyon and Vigaud, 2017). Existing legal 
and policy frameworks for groundwater management are constrained by 
the significant gaps in Africa’s hydro-meteorological and groundwater 
monitoring systems (Mumma et al., 2011; Comte et al., 2016). In turn, 
the political economy of allocating groundwater for competing users is 
challenged by scientific uncertainty and water-based interest groups 
claiming historical rights or new claims with short-term demands 
potentially not consistent with long-term resource sustainability (Burke 
and Moench, 2000; Llamas and Martínez-Santos, 2005; Hope and Rouse, 
2013). Regulatory and enforcement systems are another critical but 
often constrained institutional response to dealing with scientific un-
certainty and significant monitoring gaps to provide the checks and 
balances to manage groundwater sustainably. While recognizing the 
Fig. 1. Groundwater and welfare conceptual framework.  
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importance and relevance of all these dimensions, here we will focus 
only on the groundwater resource in a rural Kenyan context. 
Water resources provide stock or flows of water for drinking water 
systems and productive water systems moderated by infrastructure in-
vestments, institutional actors and information systems. Drinking water 
systems include a portfolio of technologies with our focus explicitly 
interested in handpumps, which we discuss further below. This does not 
exclude the wider array of piped networks, kiosks, vended water or self- 
supply sources but proposes a parsimonious approach for testing the 
framework below. Productive water systems may share the same infra-
structure for small-scale agriculture, livestock or micro-enterprises as 
domestic water though in bulk water demands for fisheries, industry or 
commercial agriculture rely on separate infrastructure investments. 
Infrastructure investments may be financed in multiple ways with 
differing risks and returns partitioning the level and mix of public or 
private finance. At one level, self-supply of domestic water may be a 
function of private investment in labour and some materials. Alterna-
tively, large industrial water demands may require hundreds of thou-
sands of dollars of investment capital geared to the expected returns of 
the productive activity over years or possibly decades. New financing 
instruments consider social and private investment returns with impact 
investing or green bonds providing favorable forms of finance which 
blend both capital returns as well as social returns, such as benefits to 
women, children or protecting environmental flows or groundwater 
quality (Tr�emolet et al., 2010; Tr�emolet, 2011) Explicit in this new 
water financial architecture is that performance-based metrics and 
monitoring systems are required to document and validate the societal 
or private returns. This reflects the progress in water information sys-
tems from remote sensing, mobile-based technology or digital moni-
toring surveillance (Hutchings et al., 2012; Thomson, Hope and Foster, 
2012b). Here, we consider ‘smart handpumps’ (Thomson, Hope and 
Foster, 2012a) which use mobile-enabled data transmitter to send data 
automatically on hourly usage. The institutional actors for these wider 
water systems is extensive across irrigation, utility, industrial or 
community typologies (Molle and Mollinga, 2003; Ostrom, 2009; 
Koehler et al., 2015). Here, we consider community water management 
as one sub-component of this wider institutional system. 
Finally, welfare status incorporates both environmental concerns of 
ecosystem health and status along with multi-dimensional welfare 
concerns including income and expenditure, health, food and nutrition, 
as well as the performance of indicators of safely managed drinking 
water services. The latter provide the focus in our analysis covering the 
quantity, quality, reliability and accessibility of handpumps for different 
social groups. 
3. Methodology 
3.1. Study site 
The study site is located in Kwale County, Kenya, south of Mombasa 
and adjacent to northern Tanzania (Fig. 2). The coastal climate has a bi- 
modal rainfall pattern with an average annual precipitation of 1200 mm 
with inter-annual and spatial variability. The coastal lowland is the 
wettest with the climate getting drier to the west (inland) and north. The 
average annual temperatures are above 28 �C (GOK, 1985). The County 
has a population of over 810,000 people most of whom live in rural areas 
(82%) with over 70% living below the poverty line of less than USD 
$1.25 a day (KNBS, 2006). The study area covers 2156 km2 in Lunga 
Lunga, Msambweni and Matuga sub-Counties with around 300,000 
residents (KNBS, 2010). This area includes the international tourism 
destination of Diani beach. Since 2013, the pace of environmental, 
economic, social and political change has increased with the establish-
ment of two new and major economic activities in the area. Kwale In-
ternational Sugarcane Company Limited (KISCOL) has been 
progressively rehabilitating 5500 ha of sub-surface irrigated sugarcane 
including the commissioning of its own sugar mill in 2015. Adjacent to 
the plantations is the country’s newest and largest mining operation 
(Kwale Mineral Sands Project). The mine, operated by Base Titanium 
Fig. 2. Map of study area.  
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Ltd., is currently projected to export 6.5 m tonnes of titanium ore by 
2028 from Likoni port, some 30 km north of the mine site. Scattered 
around the mine site and sugarcane plantation are around 300 hand-
pumps (generally 5 m–30 m in depth) providing drinking water to 
communities, schools and health centres. 
3.2. Sampling frame 
In August 2013, a waterpoint survey identified 574 handpumps (all 
Afridevs) of which 45% were non-functioning (Foster and Hope, 2016). 
A sample of 531 handpump locations was used as a sampling frame for a 
household survey in 2013/14. A separate water quality assessment was 
conducted on the functioning handpumps documenting physical water 
quality parameters such as pH, electrical conductivity and temperature. 
GSM-enabled transmitters were installed on the 300 operational hand-
pumps to transmit and record daily pumping to estimate water usage 
and functionality (Thomson, Hope and Foster, 2012a). At each of the 
531 handpumps, a stratified random sample of households which 
currently or previously used the handpump was produced, yielding 
3500 survey participants that reduced to 3349 after data cleaning. A 
pilot survey was conducted with 19 enumerators recruited from com-
munities across the study area who administered the survey in local 
languages (Swahili, 53.8%; Digo, 42.6%; Duruma, 2.1%; other, 1.5%). 
The main survey entailed a range of themes including demographic, 
socio-economic status of household (here including livelihood, concerns 
and subjective welfare), household health status, water sources, water-
point management, water payments, water resources management, 
governance and political engagement. All the households surveyed were 
geo-referenced for mapping purposes. 
Ethical permission to conduct this survey was provided by the Uni-
versity of Oxford’s Central University Research Ethics Committee and 
research permission granted by the Government of Kenya’s National 
Council of Science and Technology, Kenya (NCST/RCD/17/013/132, 
September 2013). All interviews were voluntary with informed consent 
procedures observed in the local language. Data have been anonymised 
and stored in encrypted files. 
3.3. Data analysis 
The household survey identified six major water sources used by 
households, these included; handpumps (n ¼ 2126), protected wells (n 
¼ 94), boreholes with submersible pumps (n ¼ 170), piped sources (n ¼
331), unprotected wells (n ¼ 339) and surface water sources (n ¼ 231). 
This analysis largely focused on the handpumps (groundwater sources) 
as they were the dominant water supply and we had estimates of volu-
metric abstraction from the GSM-enabled transmitters. A multidimen-
sional welfare index was constructed using 29 indicators drawn from 
household composition, dwelling characteristics, asset ownership, 
sanitation and health, and drinking water variables. The weights used to 
compute the welfare index were generated from principal component 
analysis (Falkingham and Namazie, 2002; Filmer and Pritchett, 2001; 
Gwatkin et al., 2007; Vyas and Kumaranayake, 2006). The welfare index 
ranged between 0 and 1 where households scoring higher values were 
relatively well off compared to those scoring values close to zero. We 
divided the welfare index into five levels with equal range, i.e., welfare 
index ranging from 0 to 0.2 (Q1), 0.2 to 0.4 (Q2), 0.4 to 0.6 (Q3), 0.6 to 
0.8 (Q4) and 0.8 to 1.0 (Q5). Each level comprised of a wealth group 
which we refer to as ‘welfare quintile 1’ to ‘welfare quintile 5’. House-
holds were then categorized into the five wealth groups depending on 
their welfare index scores to identify household distribution across 
‘welfare space’. This classification was used to reflect the dimensions of 
welfare space and associated share of households falling into each 
welfare quintile. 
We further categorized the households into three groups by a 
simplified typology of three economic geographies in the area: (1) the 
southern, coastal belt with people living within a 5 km strip of the sea 
(52% of the sample), whose main economic activity is fishing; (2) inland 
and more remote areas below the Shimba Hills and away from the 
coastal margin (38% of the sample), where the main economic activity is 
farming; and (3) the small town of Ukunda/Diani which largely serves 
the tourism industry along Diani beach (10% of the sample). A spatial 
welfare map was developed using Kolmogorov Wiener prediction 
method (also known as kriging) to provide spatial welfare predictions 
(Webster and Oliver, 2007). This map was later used to evaluate spatial 
welfare patterns around waterpoints and estimate the generalised wel-
fare indexes of households associated with each handpump through 
resampling the spatial welfare patterns to 1 km grid cells using the 
bilinear interpolation technique in geo-statistics. The result from this 
process was the associated mean welfare index for every handpump 
based on a 1 km spatial resolution. The spatial resolution of 1 km was 
chosen taking into consideration the computed distance at which spatial 
autocorrelation becomes more pronounced, this was determined to be 
7.6 km from the Moran’s I statistic (Legendre and Legendre, 1998; 
Overmars et al., 2003; Getis, 2007). Given that the spatial resolution 
ought to be smaller than 7.6 km while at the same time large enough to 
ensure that majority of the cells had at least one household represented, 
a 1 km spatial resolution was selected. 
Monthly data on volumetric usage of groundwater from each hand-
pump was obtained from the waterpoint data transmitters which were 
installed on 300 handpumps while electrical conductivity data was 
collected using handheld EC/pH/temperature testers. The electrical 
conductivity variable was re-defined as binary with cut off threshold 
value set at 1500 μS/cm. This threshold value was based on the Drinking 
Water Standards that recommend a threshold value of 1500 μS/cm 
(WHO, 2011). Data on static groundwater depth level (referred to as 
water rest level not influenced by abstraction or recharge) was obtained 
from the drilling records kept at the County government’s offices. The 
records were part of a major Swedish Development Agency (Sida) and 
the World Bank drilling programme in the mid and late 1980s which was 
one of the first installations of Afridev handpumps in Africa. Records 
included data on location (name), borehole depth, casing diameter, 
static (rest) water level, temperature, EC and yield (liters per hour). We 
then had to match these handpumps records to our own records using a 
number of parameters like name of borehole, location on map, admin-
istrative unit, and borehole completion record numbers. We matched 
about 333 handpumps which had static groundwater depth level data to 
our database. Data on groundwater productive uses such as livestock 
watering and crop irrigation as well as information on whether the 
households had access to sufficient, affordable, reliable, safe, good 
quality water (in terms of perceived taste) and distance to the ground-
water source was obtained from the 2014 household socio-economic 
survey data. 
4. Results 
4.1. Descriptive statistics 
Table 1 below shows the fraction of households associated with 
different variables and disaggregated by sex of respondent and house-
hold head. Examining household drinking water profiles reveals hand-
pumps are used for drinking water by two in three households with one 
in five households also using handpumps for livestock watering. 
Household perceptions of the satisfaction with drinking water services 
declines from physical proximity (58%) to water quality (taste at 40%, 
safety at 39%), and from reliability (31%) to affordability (12%). 
Groundwater fom handpumps was six times more likely to provide 
households with drinking water compared to piped water networks 
though one in four households stated that groundwater was the only 
water supply. About one in ten households depended on piped water 
sources which reflected the limited infrastructure found in Ukunda/ 
Diani and Tiwi (North of Ukunda) areas (Fig. 2). We found no differ-
ences in comparing scores of the female-headed households with the 
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wider sample (t-test, all values >0.10, not reported) despite the 
descriptive data indicating higher surface water use, greater dependency 
on groundwater and lower affordability score. 
4.2. Welfare distribution 
The distribution of households, that depended on groundwater 
sources through handpumps, by the redefined welfare quintiles in the 
data analysis section approximated a normal distribution with a third of 
households in the fourth and fifth welfare quintiles while two in every 
five households were observed in the first and second welfare quintiles 
(Fig. 3a). The spatial welfare map identified the majority of higher 
welfare households located in the Ukunda/Diani area while another 
cluster was observed to reside inland and south of the Shimba Hills 
National Reserve in Lukore and Mangawani locations (Fig. 3b). Along 
the coastline but south of the Ukunda/Diani area were found households 
with lower welfare indexes. 
4.3. Groundwater and productive uses 
Here, and following, we assess the intensity of welfare in each wel-
fare quintile by counting the sub-sample of households that reported 
using, for example, groundwater for livestock watering in each welfare 
quintile as the numerator divided by the total number of households 
using groundwater sources which are handpumps (n ¼ 2125) in each 
welfare quintile. The results show that the use of groundwater for live-
stock watering varied distinctively across the welfare quintiles. The top 
two welfare quintiles had almost a third of the households using 
groundwater for livestock watering (Fig. 4a). In contrast, the bottom two 
welfare quintiles were half as likely as the top two quintiles to water 
their livestock using groundwater albeit about a third of the households 
in these welfare quintiles owned livestock. While fewer households in 
Kwale County chose to irrigate from groundwater (5%), we observed 
variability in irrigation practices across the welfare quintiles with the 
top welfare quintiles being almost twice as likely to irrigate compared to 
the bottom two welfare quintiles (Fig. 4b). As such, groundwater for 
livestock watering appeared a potential strategy to benefit lower welfare 
groups though it will benefit few, about one in ten households in the 
bottom quintile. 
4.4. Groundwater depth and welfare 
Results indicate increasing welfare is associated with increasing 
depth to groundwater (Fig. 5). The data do not provide a means to 
determine causality and it is plausible that higher welfare households 
have been able to invest in deeper and more secure groundwater sour-
ces. Other confound factors maybe geography related in that households 
living further inland practice farming and tend to be wealthier but the 
groundwater sources are deeper, deeper boreholes have a higher failure 
rate which may impose a higher financial burden on the less wealthier 
households depending on the deeper boreholes and vice versa. The 
median depth provided a linear profile of greater welfare with deeper 
boreholes. A bivariate and ahistorical correlation test suggests there is a 
significant relationship (r ¼ 0.542, n ¼ 332, p < 0.001). Despite the 
uncertainty over the historical or political processes, the data showed 
higher welfare households gained access to deeper boreholes though 
how this process occurred is not known. What is more certain is that 
lowest welfare group rely on shallower groundwater (6 m–14 m deep) 
which may be more vulnerable to natural or human-related 
contamination. 
4.5. Groundwater and drinking water services 
Access to affordable, safe and reliable drinking water roughly 
doubled if a household was in the top rather than lowest welfare quin-
tile; this relationship did not apply to proximity (Fig. 6). We observed a 
gradual increase of the fraction of households who found groundwater 
sources affordable in each welfare quintile. Households in the top wel-
fare quintiles were twice as likely to have access to affordable ground-
water sources. A similar pattern held for reliability, safety but not 
proximity where the difference between low and high welfare access 
was relatively minimal, and overall higher in terms of access across the 
five categories evaluated. 
Electrical conductivity (EC) was lower than the recommended 
threshold for the majority of households across all the welfare quintiles 
(Fig. 7a). However, the perception of taste suggested about three in 
every five households had access to drinking water sources with un-
satisfactory taste (Fig. 7b). About one in every five households in the 
first to fourth welfare quintile depended on groundwater sources as the 
only source for drinking water while the top welfare group had about 
nine in ten households depending on other sources of water (Fig. 7c). 
Given that the denominator was the number of households using 
Table 1 
Profile of groundwater use and drinking water services by disaggregated household data (n ¼ 3349).   
Explanatory Variables All Households  
(n ¼ 3291) 
By sex of respondent By female-headed 
household 
(n ¼ 516) Male (n ¼ 1101) Female (n ¼ 2190) 
Mean Mean Mean Mean 
Main drinking water source Handpump 0.65 0.63 0.65 0.67 
Piped 0.10 0.10 0.10 0.08 
Protected well 0.03 0.03 0.03 0.03 
Submersible pump 0.05 0.05 0.05 0.03 
Surface water 0.07 0.09 0.06 0.09 
Unprotected well 0.10 0.11 0.10 0.10  
Use handpump for Irrigation 0.05 0.06 0.05 0.07 
Use handpump for Livestock 0.17 0.14 0.18 0.18  
Own Livestock 0.21 0.22 0.20 0.22  
Electrical Conductivity (<1500 μS/ 
cm) 
0.83 0.84 0.83 0.79 
% of households stating drinking water is … Affordable 0.12 0.10 0.13 0.10 
Reliable 0.31 0.31 0.31 0.30 
Safe to drink 0.39 0.36 0.40 0.36 
Taste (good) 0.40 0.35 0.42 0.38 
Close (distance to water source) 0.58 0.52 0.61 0.60 
Groundwater is the only source 0.26 0.28 0.24 0.28 
This table only shows the binary variables. Rounding means all totals may not sum to 100%. Female-headed households are defined by ’no male adult living in the 
household’. 
J. Katuva et al.                                                                                                                                                                                                                                  
Groundwater for Sustainable Development 10 (2020) 100314
6
groundwater sources extracted via a handpump, the intensity of hand-
pump usage was expected to mimic the welfare profile across all the 
quintiles. Handpump usage was therefore observed to be higher among 
households in the third welfare quintile, 29%, while one in ten house-
holds used handpumps as the main drinking water sources in the bottom 
and top welfare quintile (Fig. 7d). 
4.6. Groundwater usage and welfare 
Groundwater usage was assessed using estimated volumetric data 
from the water data transmitters. We plotted usage against welfare 
quintiles which were estimated from the re-sampled spatial welfare 
maps at 1 km spatial resolution. Fig. 8 shows a box plot of monthly total 
volume of groundwater abstracted from the handpumps and welfare 
quintiles for 2014. There was variation on monthly volume abstracted 
across all the welfare quintiles with a median value of around 50,000 
litres per month with the upper quartile range for the second and third 
welfare quintiles around three times the median. 
Mapping abstraction rates from the handpumps revealed no clear 
pattern (Fig. 9). Further analysis may later consider seasonal patterns to 
understand peak demand and also the issue of attribution between 
drinking water and livestock water demands over space and time. 
4.7. Estimating the share of groundwater towards household welfare 
In theory, the share of a household’s welfare to groundwater may be 
modelled by regressing a range of groundwater-related variables inde-
pendent to the welfare index comprising here of common consumables 
such as tea, flour, cooking oil, soap and dwelling condition by floor, wall 
and roof. Available data focus on the unique availability of handpump 
usage, groundwater quality and groundwater usage. We acknowledge 
the absence of broader and widely recognized indicators of welfare, 
Fig. 3. (a) Welfare Quintiles (b) spatial representation of welfare in 2014.  
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including education, health, employment and qualitative measures of 
equality and capabilities. The analytical challenge of reconciling 
appropriate temporal and scalar dimensions by broader welfare in-
dicators across individual, household and community limit the utility of 
a more ambitious but less tractable estimation procedure of welfare. 
Here, we tackle a more constrained and simple relationship with data 
sources of suitable temporal and spatial coherence. The estimation is 
multidimensional by design and a multivariable regression (an exten-
sion of simple linear regression) procedure is chosen. The model re-
ported in Table 2 provides a general estimation for all households 
(Model I), male respondents (Model II), female respondents (Model III) 
and female-headed households (Model IV) with a statistically significant 
fit (F ¼ 32.625, p < 0.001). 
The results indicate about 17 per cent of the variation in a house-
holds’ welfare was explained by the groundwater covariates. Running 
the model for disaggregated samples yielded similar results for female 
headed households (19%), male respondents (20%) and female re-
spondents (17%). All the models were significant (p < 0.01). 
From Model I (all households), all explanatory variables except 
‘affordability’ and ‘only source’ were significant. Positive and significant 
include productive groundwater uses along with water quality (EC) and 
volumetric usage. Shallower groundwater and living in coastal or inland 
zones were negative (associated with low welfare) and significant 
compared to those living in Ukunda/Diani area. 
For Models II and III, we observed similarities for drinking water 
variables but a divergence for productive uses and the water rest level. 
Female respondents differed to male respondents in positive and sig-
nificant coefficients for productive uses compared to male respondents 
who record positive but non-significant estimates. 
In Model IV, the female-headed households’ positive and significant 
coefficients to welfare are perceived water safety (not EC) and volu-
metric usage with productive uses of groundwater large and significant 
predictors of welfare. Shallower groundwater differed from female re-
spondents but accorded with the full sample and male respondents as 
being negative and significant. 
5. Discussion 
Four findings emerge from the results to contribute to the wider 
scholarship around groundwater and welfare in rural Africa and the 
global drive to achieve ‘safely-managed drinking water’ under the Sus-
tainable Development Goals’ target 6.1 (UNICEF/WHO, 2017). First, 
groundwater depth is related with welfare in two overlapping domains: 
(a) increasing welfare is strongly associated with deeper groundwater 
usage, and (b) shallower groundwater dependency has a negative and 
significant relationship with household welfare. Second, productive uses 
of groundwater is a positive, significant and comparable determinant of 
household welfare alongside drinking water services. Third, across four 
drinking water services’ indicators only proximity to a handpump is 
welfare-neutral with evidence that lower welfare groups have less 
affordable, safe or reliable drinking water services. Fourth, 
gendered-differences emerge in women’s different use of groundwater 
to men with equity implications as revealed by the sub-sample of 
female-headed households. 
An intuitive relationship emerges between increasing welfare and 
access to deeper groundwater supplies. The likelihood that higher wel-
fare groups all stumble upon deeper groundwater as lower groundwater 
users opt for shallower groundwater seems implausible. While there is 
no evidence of the causality or socio-political or economic processes that 
result in this finding, it is consistent with strands of literature on ‘elite 
capture’ in relation to rural water infrastructure (Bardhan and Moo-
kherjee, 2006; Geen et al., 2016) and the development economics’ hy-
pothesis of ‘poverty traps’ (Barrett and Swallow, 2006; Carter and 
Barrett, 2006; Banerjee and Duflo, 2011; Barrett and Carter, 2013). 
Evidence here suggest ancillary infrastructure to support drinking and 
productive uses of groundwater need to focus on drilling deeper and 
resilient boreholes to buffer populations during droughts and dry sea-
sons. This builds on recent work on sustainable groundwater develop-
ment policies that supports standardization of borehole drilling and 
self-supply with emphasis on institutional practices taking the lead on 
regulating stakeholders to adopt sustainable groundwater development 
approaches that will impact livelihoods positively while improving rural 
water services delivery (RWSN, 2009a, 2010). 
Fig. 4. Share of households in welfare quintiles using groundwater for (a) livestock watering and (b) irrigation.  
Fig. 5. Box plot of groundwater table depth vs welfare quintiles (r ¼ 0.542, n 
¼ 332, p < 0.001). 
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Multiple use systems for rural water have been documented in many 
countries recognizing that both productive water infrastructure, such as 
irrigation systems, or drinking water systems, such as piped networks or 
pumped systems, are commonly used by both groups (Meinzen-Dick and 
Van Der Hoek, 2001; Renwick, 2001; Koppen et al., 2006; Smits et al., 
2010). Often dubbed as the ‘water pays for water’ hypothesis the 
approach has gained salience from the potential financial sustainability 
for productive uses to increase both the value and financial resources to 
manage the system, though the literature shows limited evidence of this 
in practice. Wider evidence points to the potential conflict over limited 
water during times of drought when waterpoints may be heavily 
over-subscribed (Thomson et al., 2019). While these conditions rarely 
manifest in our study area, a simplistic reading would belie the potential 
challenges as well as opportunities from multiple water uses. The find-
ings do underline the positive relationship between livestock watering 
and small-scale irrigation with welfare, particularly for women. While 
irrigation from groundwater is extremely limited in both potential yield 
from handpumps (circa 1 m3 per hour) and current practices (5% of 
sample households), livestock is more widespread (21%) with wide-
spread use of handpumps for watering at some point during the year. 
Again, women seem to be engaged in, or more familiar, with this activity 
than men. As a coefficient in household welfare, livestock watering from 
groundwater is high, particularly for female-headed households who 
represent a social group of concern. 
The welfare composition of satisfaction with current drinking water 
services reveals a regressive pattern of higher welfare households with 
affordable, safe and reliable water. Only proximity to the handpump is 
welfare-neutral in the sense that there is relatively limited difference 
between welfare quintiles and that this indicator is the highest of the 
four in terms of coverage. These findings broadly accord with the dis-
aggregated data analysis by the global Joint Monitoring Program (WHO 
and UNICEF, 2017) which highlight similar inequalities in global 
reporting. Our findings imply that while implementation activities are 
doing relatively well in locating waterpoints near everyone, the services 
delivered are unsatisfactory. In many ways this is symptomatic of the 
Millennium Development Goal (MDG) era of infrastructure provision 
without ancillary investments in institutions to manage, maintain and 
regulate services in rural areas. While the data may be read in different 
ways it would be consistent to think of unaffordable water leading to 
lower welfare groups using less safe and potentially less reliable sources. 
The increasing recognition that universal drinking water security may 
not be consistent with financial sustainability is emerging as a defining 
challenge of the Sustainable Development Goals where the ambition for 
safely managed drinking water requires monitoring of services with 
disaggregated data of vulnerable populations to help identify and inform 
improved policy and practice (Thomson and Koehler, 2016). The 
implication for future policy and practice is that investments in safely 
managed drinking water require greater institutional oversight and 
regulation if the benefits are to be shared by lower welfare groups. 
Gendered inequalities are an increasingly key component of national 
and global measuring distributional impacts of services for the poor. The 
well-rehearsed role of African women in rural water management and 
Fig. 6. Drinking Water Services vs Welfare Quintiles.  
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collection (Thompson et al., 2001; Hope, 2006) is reinforced by our 
findings with a concern on the potential marginalisation of 
female-headed households. It is noteworthy that perceived water safety 
is the only service indicator of significance to female headed house-
holds’ welfare of the four drinking water indicators. While proximity 
and reliability are positive they are not significant for welfare suggesting 
a unique and singular prioritization compared to other households. 
Equally, the significance of productive uses of groundwater for house-
hold welfare is noted indicating potentially welfare-enhancing measures 
to support women who may be situated in inland areas where farming 
systems are more prominent than fishery-based systems along the coast. 
The social practices which moderate and reproduce these outcomes, in 
Fig. 7. Groundwater quality and dependency by welfare quintiles.  
Fig. 8. Groundwater dependency and Welfare.  
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rural settings, is not well-understood or adequately addressed by this 
research. However, the findings point to the need to better understand 
and recognize how groundwater provision to vulnerable groups may 
buffer, exclude or lift people out of poverty across welfare dimensions. 
The redistributive practices of access to groundwater, particularly in 
times of high demand or drought, is being documented in Kenya (Foster 
and Hope, 2016, 2017) underlining local control and management 
which may, or may not, be equitable and sustainable. What our findings 
point to is the potential of groundwater to support productive practices 
but these largely accrue to higher welfare groups, potentially excluding 
others, due to the inability to purchase livestock or limited access to 
groundwater. While this is beyond the scope of this study, it is an 
important and weakly understood area for further analysis. This should 
go beyond simple binary gendered differences and be centred more 
broadly on processes of social accumulation, exclusion or loss, which 
better capture welfare transitions rather than imposing a politically, or 
Fig. 9. Groundwater abstraction by handpumps and welfare in 2014.  
Table 2 
Multivariable regression of household welfare on groundwater usage and dependency.   
Explanatory Variables Model I 
All Households 
(n ¼ 2007) 
Model II 
Male Respondents 
(n ¼ 653) 
Model III 
Female Respondents 
(n ¼ 1353) 
Model IV 
Female Headed 
(n ¼ 322) 
Coeff. t-value Coeff. t-value Coeff. t-value Coeff. t-value  
(Constant) 0.453 14.126 0.422 8.163 0.465 11.325 0.333 3.769 
Safely managed drinking water Affordable 0.017 1.265 0.032 1.342 0.011 0.667 0.019 0.534 
Safe (to drink) 0.039*** 4.129 0.046*** 2.797 0.039*** 3.340 0.042* 1.719 
Reliable 0.033*** 3.329 0.048*** 2.828 0.029** 2.358 0.038 1.461 
Close (distance to water source) 0.053*** 5.031 0.079*** 4.342 0.043*** 3.268 0.026 0.951 
Groundwater only source   0.003   0.261 0.015 0.708   0.013   0.870   0.006   0.193 
Productive Uses Irrigation 0.056*** 2.940 0.048 1.587 0.057** 2.293 0.089** 2.044 
Livestock 0.047*** 3.982 0.029 1.306 0.056*** 3.984 0.079*** 2.584 
Usage household reported Volume 
collected per day 
0.001*** 9.582 0.001*** 6.808 0.001*** 6.741 0.001*** 4.494 
Household Location (Reference 
location is Ukunda) 
Coastal   0.072***   4.131   0.081***   2.587   0.067***   3.206   0.018   0.335 
Inland   0.054***   2.995   0.053*   1.676   0.053**   2.462 0.021 0.385 
Water rest level of boreholes 
(Reference depth is > 21.9 m) 
depth between 0 and 3.8 m   0.146***   4.637   0.099*   1.771   0.164***   4.251   0.160*   1.686 
depth between 3.8 and 7.6 m   0.173***   7.186   0.171***   4.394   0.176***   5.713   0.172***   2.964 
depth between 7.6 and 15 m   0.097***   4.714   0.045   1.422   0.122***   4.536   0.082   1.633 
depth between 15 and 17.3 m   0.104***   4.812   0.127***   3.757   0.095***   3.370   0.111**   2.053 
depth between 17.3 and 21.9 m   0.017   0.729 0.000   0.004   0.026   0.880   0.012   0.227 
Quality Electrical Conductivity 0.000*** 3.353 0.000* 1.746 0.000*** 3.189 0.000 1.372 
R2 0.17 0.20 0.17 0.19 
*Significant at 10%, **Significant at 5%,***Significant at 1%. Coeff. ¼ Unstandardized Coefficients. Sample sizes changed due to missing data on either one of the 
explanatory variables. 
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donor, favoured social group which potentially misses people of greater 
but hidden vulnerabilities (Narayan et al., 2000; Hulme and Shepherd, 
2003; Mehta and Shah, 2003). 
6. Study limitations 
We acknowledge at least five limitations to the study. First, the 
observed groundwater use data from the waterpoint data transmitters 
provide a major but singular source of groundwater for households. 
Others include open, dug wells at the household or in the community, 
and some springs in the Shimba Hills (inland zone). We also emphasize 
that the ‘litres per month’ metric is a proxy and embeds livestock and 
minor agricultural water use; we have no plausible methodology to 
differentiating these variable uses of the handpump without heroic as-
sumptions. Second, the usage provides unique hourly records over a 
year, but this period is not claimed to be representative of the variable 
climate but had an average rainfall of 1862 mm which is above the long 
term mean of 1300 mm. The application of the framework in a more arid 
environment will likely provide further insights in a more stressed hy-
drological system. Third, poverty is multidimensional with groundwater 
as one component of wider health, welfare and economic impacts for 
different user groups. Ancillary investments in health, education, energy 
or other sectors need to be examined to have a fuller understanding of 
the socio-ecological nature of the extent to which groundwater interacts 
with poverty pathways for different welfare groups over space and time. 
Fourth, we recognize the uneven nature of spatial resolution of the 
households across the study area, this has implications on the artificial 
nature of the welfare predictions although we control for this through 
geostatistical modelling creating heat maps. Fifth, the household survey 
was conducted between November 2013 and January 2014 which is 
during the short rains and beginning of the dry season in East Africa. 
7. Conclusion 
Unlocking the potential of groundwater for the poor has emerged as 
a global science and policy puzzle. Increasingly unpredictable climate 
futures, a data deficit in groundwater resource monitoring and unreg-
ulated growth in industrial, agricultural and municipal demand for 
water is placing groundwater under unprecedented stress. In the 
absence of a plausible theoretical understanding of groundwater and 
welfare interactions and impacts it is likely that vulnerable and 
marginalized groups may be excluded from potential developmental 
pathways as groundwater resources are captured by competing and 
more powerful users. In coastal Kenya we find evidence that the con-
ceptual framing of groundwater and welfare helps understand part of 
this dynamic and context-specific puzzle. Welfare-enhancing ap-
proaches emerge both in terms of the type and depth of groundwater 
infrastructure with different domestic and productive uses of ground-
water with alternative welfare outcomes for different social groups. The 
contribution of groundwater to household welfare represents a minor 
but important component worthy of greater political action and over-
sight. With advances in groundwater monitoring systems, new streams 
of data can be marshalled with historical sources to close information 
asymmetry gaps and guide political action to support welfare-enhancing 
interventions which work for the poor and support sustainable 
groundwater management. 
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